Background {#Sec1}
==========

Exposure to high temperatures has a variety of physiological effects on poikilothermic animals such as insects. These effects include increases in metabolic rate \[[@CR1], [@CR2]\] and modifications of biochemical processes \[[@CR3]\]. Aquatic insects, or the aquatic immature stages of insects such as mosquitoes, are particularly affected by temperature due to the high thermal conductivity of water as well as the limited ability of these insects to escape adverse temperatures \[[@CR4]\]. In many insects the environmental conditions experienced during the aquatic stages affect larval biology. For example, assessments of the effects of temperature on the major malaria vector *Anopheles gambiae* showed that larval development rate tends to increase as temperature increases \[[@CR5]\]. High temperatures can also affect the life-history parameters of adult *Anopheles* mosquitoes. For example, young adult mosquitoes cope better with elevated temperatures than those of older age groups \[[@CR6]\] and elevated temperatures have been shown to decrease the lifespan of some insects \[[@CR7]\]. Consistent with the increase in metabolic activity under conditions of increased temperature, several antimicrobial peptides are overexpressed at high temperatures in *Aedes aegypti* mosquitoes \[[@CR8]\].

Fluctuating temperatures, particularly extreme high and low temperatures, have the potential to impact insecticide-based malaria control interventions through their effects on the target mosquito vector populations \[[@CR9]\]. This is due to two factors. The first is the variable activity of insecticides at different temperatures whereby some insecticides show higher toxicity at higher temperatures (positive temperature coefficient) while others are less toxic at higher temperatures (negative temperature coefficient). Temperature coefficients vary by insecticides and species \[[@CR10]\] and have most recently been examined in *A. gambiae* \[[@CR11]\]. Secondly, temperature directly alters the physiology of mosquitoes. Simultaneous exposure to elevated temperatures and insecticides have been demonstrated to induce cross-tolerance in anopheline larvae \[[@CR12]\]. Furthermore, certain insecticide resistance phenotypes have been associated with thermal tolerance. Malathion-resistant *Culex quinquefasciatus* have been shown to be more tolerant of high temperatures than their susceptible counterparts \[[@CR13]\]. Elevated temperatures have also been shown to augment pyrethroid resistance in *C. quinquefasciatus* \[[@CR14]\], increasing α-esterase activity while decreasing β-esterase activity \[[@CR15]\].

Most studies on elevated temperature and its effect on malaria transmission have focussed primarily on changing distribution of vectors, rather than on the effects on mosquito physiology. Until recently, very little research has been conducted on the effects of temperature on mosquito physiology that may have epidemiologically significant consequences (see \[[@CR16], [@CR17]\]).

*Anopheles arabiensis*, a major malaria vector in southern Africa, is well adapted to hot, arid conditions \[[@CR18], [@CR19]\] and has been shown to cope better with fluctuating temperatures than other sympatric vector species such as *Anopheles funestus* \[[@CR20]\]. The variable resting and feeding behaviour of *A. arabiensis* renders this species less susceptible to control by indoor insecticide application because adult females will often feed and rest outdoors (exophily) \[[@CR21], [@CR22]\]. Given that *A. arabiensis* is generally more difficult to control than other vector species with stronger tendencies to feed and rest indoors (endophily), it is important to assess whether environmental conditions can also affect the biology and control of this species. The aim of this study was to assess the effects of elevated temperatures on the life history and insecticide resistance phenotypes of laboratory-reared strains of *A. arabiensis*. Elevated temperature, rather than fluctuating temperature, was used to examine a proof-of-principle concept about the response to a single environmental stressor, rather than trying to mimic the variable conditions of natural environments.

Methods {#Sec2}
=======

*Anopheles* strains used in the experiments {#Sec3}
-------------------------------------------

Two laboratory strains of *A. arabiensis* were used in this study:SENN---colonized from Sennar in Sudan in 1980. This strain currently shows low-level permethrin resistance, but is fully susceptible to all other insecticides.SENN DDT---intensively selected from SENN for resistance to DDT. SENN DDT currently shows resistance to DDT, malathion, deltamethrin, permethrin, and λ-cyhalothrin. Resistance in this strain is mediated by elevated cytochrome P450, GST and esterase activity. The strain is also fixed for the L1014F *kdr* mutation \[[@CR23], [@CR24]\]. Larvae were reared as per Hunt et al. \[[@CR25]\]. Deviations from this procedure are detailed by experiment.

The effect of elevated temperature on larval development {#Sec4}
--------------------------------------------------------

To determine the effect of elevated temperature on development, groups of 25 first instar SENN and SENN DDT larvae (within 24 h after hatching) were placed into 1000 ml of distilled water. Each group was then incubated at one of three temperatures: the control group was kept at standard insectary conditions of 25 °C and 80 ± 5% relative humidity \[[@CR25]\]; the first experimental group was raised in an insectary set at 30 ± 2 °C and 80 ± 5% relative humidity; the second experimental group was raised in an incubator set at 35 °C, with additional water bowls used to raise the humidity in the incubator to 80 ± 5%. A free supply of air into the incubator was ensured at all times. The 1000-ml water volume for each group was constantly maintained for all treatments for the duration of the experiment. The experiment was replicated from separate cohorts three times. For each cohort, five biological replicates were used for the control and temperature (30 and 35 °C) treatments. The time to pupation was monitored as a measure of development time.

The effect of elevated temperature on adult longevity {#Sec5}
-----------------------------------------------------

To determine the effect of elevated temperature on longevity, SENN and SENN DDT first instar larvae were used as described for the previous experiment, but only at the control temperature of 25 °C and the elevated temperature of 30 °C. For each strain, four bowls of 30 larvae each were incubated for each of three experimental replicates at both the control temperature and the experimental temperature of 30 °C. Adults that emerged were placed in cages with ad libitum access to sugar water, but were not allowed to mate or blood-feed.

The adults that emerged from rearing at the control temperature (25 °C, standard insectary conditions) were immediately split into two groups. The first group remained at 25 °C, while the second group was moved to the elevated temperature of 30 °C. Similarly, for the larvae that were reared at 30 °C, adults were separated upon emergence with half remaining at 30 °C, while the other half were moved to standard insectary conditions with a temperature of 25 °C. Each group then remained at the temperature that they were moved to for the duration of the experiment. This means that a 25 °C reared group spent the experiment at either 25 or 30 °C, and a 30 °C reared group spent the experiment at either 25 or 30 °C. Adult longevity was monitored as a function of survival daily, with cadavers removed on the day of death. The 10% sucrose solution offered to each cohort was refreshed on a daily basis.

The effect of elevated larval-rearing temperature on the subsequent expression of adult insecticide resistance phenotypes {#Sec6}
-------------------------------------------------------------------------------------------------------------------------

To determine the effect of elevated larval-rearing temperatures on subsequent adult insecticide resistance phenotype, SENN DDT larvae were incubated at 30 °C, with control larvae incubated at 25 °C, starting within 24 h of hatching. Equal numbers of larvae were kept in 1000 ml of distilled water and were fed an equal amount of larval food three times daily. Upon emergence, adults from the control and treatment cohorts were collected and kept at 25 °C with ad libitum access to 10% sucrose, but without any access to blood until they were 3 days old. At the age of 3 days the treatment cohorts were exposed to either 5% malathion (♂: n = 367; ♀: n = 450) or 0.05% deltamethrin (♂: n = 380; ♀: n = 435) using the standard WHO insecticide susceptibility procedure \[[@CR26]\]. Similarly, control (unexposed to elevated temperatures) adult male and female mosquitoes were exposed to malathion (♂: n = 342; ♀: n = 444) and deltamethrin (♂: n = 464; ♀: n = 582). This experiment was replicated three times from three separate cohorts. Mortality was scored 24 h post exposure. A control cohort exposed to untreated paper only constituted a handling control, while a completely unexposed group constituted an environmental control. All handling and environmental controls were drawn from the same populations that were being exposed to the insecticides, i.e., when exposing adults emerging from larvae reared at elevated temperatures, their accompanying handling and environmental controls would come from the same cohort of adults. Similarly, when exposing adults with no exposure to elevated temperatures, these adults would constitute the handling and environmental controls.

The effect of short-term heat shock on the expression of the adult insecticide resistance phenotypes {#Sec7}
----------------------------------------------------------------------------------------------------

Mosquitoes may be exposed to short-term heat shock during the day, or during a blood meal. To determine the effect of a short-term heat shock on the insecticide resistance phenotype of SENN DDT, larvae were reared under standard insectary conditions, and then the adults were exposed to a short-term heat shock at 3 days of age. For the first treatment, a mixture of 3-day old adult males and females were exposed to a heat shock of 37 °C for 3 h. During this time they were not allowed access to sugar. Immediately after the shock period they were allowed to recover for an hour with access to sugar. The heat-shocked adults were then exposed to either 5% malathion (♂: n = 394; ♀: n = 489) or 0.05% deltamethrin (♂: n = 349; ♀: n = 408) using the standard WHO insecticide susceptibility procedure \[[@CR26]\]. A second experimental SENN DDT group was exposed to the sub-lethal heat-shock temperature of 39 °C for 1 h, before exposures to malathion (♂: n = 412; ♀: n = 423) or deltamethrin (♂: n = 370; ♀: n = 412). The mortalities of the heat-exposed adults were compared to adults not exposed to elevated temperature \[malathion: (♂: n = 425; ♀: n = 473); deltamethrin (♂: n = 395; ♀: n = 412)\]. A control cohort exposed to untreated paper only constituted a handling control, while a completely unexposed group constituted an environmental control. All handling and environmental controls were drawn from the same populations that were being exposed to the insecticides, i.e., when exposing heat-shocked adults, their accompanying handling and environmental controls would come from the same cohort of adults. Similarly, when exposing adults with no exposure to elevated temperatures, these adults would constitute the handling and environmental controls.

The lasting effects of short-term heat shock on the expression of the adult insecticide resistance phenotypes {#Sec8}
-------------------------------------------------------------------------------------------------------------

A set of experiments were conducted to determine whether the effects of short-term heat shock changed with time. For these experiments, only the pyrethroids deltamethrin and λ-cyhalothrin were used, and only adult females were assayed. A 3-day old, non-blood-fed cohort of SENN DDT, reared at standard insectary temperature, was exposed to either 37 °C for 3 h or 39 °C for 1 h. After a 1-h recovery period, standard WHO bioassays using 0.05% deltamethrin were performed every hour from 2 to 7 h post shock for both heat shock temperature cohorts (37 and 39 °C): 37 °C control, n = 320; 2 h: n = 353; 3 h: n = 343; 4 h: n = 361; 5 h: n = 320; 6 h: n = 317; 7 h: n = 309; 39 °C control, n = 330; 2 h: n = 362; 3 h: n = 370; 4 h: n = 351; 5 h: n = 343; 6 h: n = 330; 7 h: n = 321. The exposed control group was constituted of a group of SENN DDT from the same batch of adults that had not been exposed to a heat shock. Each experiment was replicated three times using three different cohorts. As deltamethrin resistance expression was affected by heat shock temperature (as demonstrated in Fig. [4](#Fig4){ref-type="fig"}A), another pyrethroid, 0.05% λ-cyhalothrin was also assayed after a 3-h 37 °C shock with a 1-h recovery period and 1-h 39 °C exposure followed by a 1-h recovery period (37 °C control: n = 220; 2 h: n = 253; 3 h: n = 249) (39 °C control: n = 230; 2 h: n = 242; 3 h: n = 277).

To ensure that sugar deprivation did not affect the results, another control group not exposed to a heat shock but deprived of sugar for the same period of time as their heat-shocked counterparts was used. Therefore, control exposures as well as unexposed controls included groups of individuals that were not exposed to elevated temperatures (n = 111), but half were allowed sugar for the duration of their exposure period (n = 117), and the other half were deprived of sugar in the same manner as the heat-exposed groups (n = 139).

The effect of short-term heat shock on insecticide susceptibility in an insecticide susceptible strain {#Sec9}
------------------------------------------------------------------------------------------------------

The effect of short-term heat shock on the insecticide susceptibility phenotype of the SENN strain was examined using 3-day old non-blood-fed SENN adults that were exposed to either a 3-h 37 °C heat shock or a 1-h 39 °C heat shock. After a recovery period of 1 h, ten replicates of 20--25 females each were exposed to either 0.75% permethrin (n = 523), 0.05% deltamethrin (n = 473) or 0.05% λ-cyhalothrin (n = 492) using the standard WHO susceptibility methods \[[@CR26]\]. Non-heat-shocked individuals were exposed to the same insecticide treatments concurrently. Individuals from the heat-shocked and non-heat-shocked groups were exposed to untreated papers, and this served as a handling control. Individuals from the heat-shocked and non-heated-shocked groups that were not exposed to any paper (treated or untreated) served as environmental controls.

All short-term heat shock treatments were performed by exposing the adults to the required temperature in an incubator in which the humidity had been raised to ±80% humidity by the addition of a water source. All insecticide exposures were performed at 25 °C as per standard WHO bioassay conditions \[[@CR26]\].

The effects of elevated temperatures on detoxification enzyme activity {#Sec10}
----------------------------------------------------------------------

As heat shock exerted the strongest effect on pyrethroid resistance expression, the effect of temperature on cytochrome P450 activity and general esterases was examined as these enzymes are mediators of pyrethroid resistance \[[@CR27]\] and are not associated with the *kdr* mutation.

Two temperature assays were performed. Standard haem peroxidase and general esterase activity assays were performed on 96 male and 96 female SENN DDT adults \[[@CR28], [@CR29]\]. For each individual a duplicate reaction plate was prepared. Once all of the reagents were added, the control plate was allowed to incubate at 25 °C (control reaction) while the experimental reaction was allowed to incubate at 30 °C. After the requisite incubation periods the amount of product formed was determined by measuring the absorbance at 650 nm for the haem peroxidase assay and 570 nm for the esterase assay. This experiment was replicated three times, with adults for each replicate being drawn from a new cohort, i.e., siblings from a new egg batch each time.

The second experiment was designed to determine whether adult SENN DDT had altered cytochrome P450 activity after heat shock. For this experiment, 96 SENN DDT individuals (48 males and 48 females), were drawn from replicates that had been exposed to 39 °C for 1 h, but without any exposure to insecticides. Adults not exposed to heat shock constituted the control group. As for the previous experiments, the heat-shocked group was not allowed access to sugar for their period of heat shock. At the same time, the control group was also deprived of sugar. Forty-eight adults of each gender were drawn from the shocked and control groups at 1 h intervals after heat shock, up to the age of 7 h. These individuals were cold-killed and immediately stored at −70 °C, after which they were processed within a week for haem peroxidase and esterase activity as described above.

The role of inducible heat shock proteins in the insecticide resistance phenotypes {#Sec11}
----------------------------------------------------------------------------------

To determine whether heat shock proteins (HSPs) played a role in the effect of elevated temperatures on the expression of the insecticide resistance phenotype, an HSP synergist assay was performed. The flavinoid quercetin was successfully used as a dietary synergist in *Drosophila melanogaster* \[[@CR30]\], so a similar assay, using sugar as a delivery mechanism, was developed based on those methods \[[@CR30]\]. Five cages of 3-day old SENN DDT adults were prepared using equal numbers of adults (150 males + 150 females) in each. Two of the cages then had their sugar removed and were exposed to a 3-h, 37 °C heat shock. Three cages remained at 25 °C: one had the sugar removed for the 3-h period; the second was supplied with a 10% sucrose solution supplemented with 25 mM quercetin; and the third had full access to sugar solution. The experiment was replicated in triplicate.

After the 3-h heat shock, the heat-stressed mosquitoes were immediately returned to 25 °C and allowed to recover for 2 h with either plain sucrose solution or quercetin-supplemented sucrose. The cage deprived of sugar at room temperature was split into two groups, one of which was supplied with sucrose solution and the other supplied with quercetin-supplemented sucrose. After recovery, the sucrose/quercetin-treated and sucrose-treated individuals were exposed to either 0.05% deltamethrin (treated: ♂: n = 373; ♀: n = 417; control ♂: n = 389; ♀: n = 397) or 0.05% malathion (treated: ♂: n = 354; ♀: n = 423; control ♂: n = 409; ♀: n = 417) using the standard WHO bioassay method \[[@CR26]\].

Four controls that were unexposed to insecticide were used for this experiment: a standard environmental control, a control to ensure that quercetin supplementation after starvation did not affect mortality (no heat − sugar + quercetin, n = 153), a control to ensure that quercetin supplementation alone did not elicit mortality (no heat + quercetin, n = 161), and a control to ensure that the 3-h period without sugar did not elicit mortality (no heat − sugar, n = 157).

Data analysis {#Sec12}
-------------

All data analysis was performed using Statistix 8 (Talahassee, FL, USA). All analyses were performed at 95% confidence. Means were compared using either a two-sample t test or a one-way analysis of variance (ANOVA) with a Tukey HSD as a post hoc test. Longevity was assessed using a Kaplan--Meier estimator, with a Log-rank test used as a measure of significance.

Results {#Sec13}
=======

The effects of elevated temperature on larval development rate and adult longevity {#Sec14}
----------------------------------------------------------------------------------

Constantly elevated temperature had a variable effect on larval and adult life history. Although elevated temperatures significantly increased the rate of larval development in SENN DDT (one-way ANOVA: p \< 0.01; F = 15.1) and SENN (one-way ANOVA: p \< 0.01; F = 12.4) compared to their respective 25 °C control cohorts, there was no significant difference in development rate between 30 and 35 °C (one-way ANOVA: p = 0.34; F = 2.37) for either strain. Furthermore, there was no significant difference in development rate between the two strains at any of the incubation temperatures (one-way ANOVA: 25 °C---p = 0.46; F = 0.59; 30 °C---p = 0.84; F = 0.04; 35 °C---p = 0.08; F = 0.2) (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The effects of constant temperature elevation on insecticide resistant and susceptible *Anopheles arabiensis.* Although elevated temperatures decreased time to pupation \[measured as time taken for 50% of the population to pupate (50%) and to complete pupation\], there were no significant differences in development rate between the susceptible (SENN) and resistant (SENN DDT) strains. Development rate at 30 and 35 °C did not differ significantly in either of the strains. Development rates that do not differ significantly are denoted by the *same letter*

SENN DDT adult females (Fig. [2](#Fig2){ref-type="fig"}a) and males (Fig. [2](#Fig2){ref-type="fig"}b) lived significantly longer than their SENN counterparts, regardless of whether the adults emerged from larvae that were reared at 25 °C (Treatment A) or 30 °C (Treatment B) (females log rank test; p \< 0.01; χ^2^ = 5.28; males log rank test p \< 0.01; χ^2^ = 1.12). There was no difference in longevity between SENN and SENN DDT adults incubated at 25 °C regardless of whether they were raised as larvae at 25 or 30 °C (females log rank test; p = 0.81; χ^2^ = 2.97; males log rank test p = 0.80; χ^2^ = 1.07) (Fig. [2](#Fig2){ref-type="fig"}c, d, respectively). SENN adults lived for a significantly shorter period at elevated temperatures compared to control temperatures (females: log rank test p = 0.01, χ^2^ = 6.86, df = 1; males: log rank test: p \< 0.01, χ^2^ = 11.95, df = 1), while SENN DDT adult longevity did not differ significantly between the two temperatures (females: log rank test p = 0.25, χ^2^ = 1.34, df = 1; males: log rank test: p = 0.86, χ^2^ = 0.27, df = 1). The time taken to achieve 50% mortality (LT50) by strain and gender is summarized in Table [1](#Tab1){ref-type="table"}.Fig. 2The effects of constant temperature elevation on the longevity of *Anopheles arabiensis* adults. Adults of the resistant SENN DDT strain lived significantly longer when exposed to a constantly elevated temperature of 30 °C. This was true for adult females that emerged from larvae that were reared at 30 °C (SDFA) as well as those reared at 25 °C and only taken to 30 °C upon emergence (SDFB) (**a**). This was also true for SENN DDT males reared as larvae at 30 °C (SDMA) compared to their SENN counterparts (SBMA) as well as DDT males reared at 25 °C as larvae and then incubated at 30 °C upon emergence (SDMB) compared to their SENN counterparts (SBMB) (**b**). There were no significant differences in female longevity of the strains reared at 25 °C (**c**), as well as in male longevity (**d**), regardless of larval-rearing temperature Table 1Time taken to induce 50% mortality by larval and adult temperature regime by strain and genderTemperature (^o^C)SENN ♀Strain \[time to 50% mortality (95% CI)\]SENN DDT ♂SENN ♂SENN DDT♀Larvae 25; adults 2521 (17; 25)21 (20; 22)20 (15; 26)23 (14; 27)Larvae30; adults 2520 (17; 24)21 (20; 22)19 (15; 25)22 (19; 24)Larvae 25; adults 3018 (14; 21)17 (15; 18)22 (20; 23)22 (19; 24)Larvae 30; adults 3017 (14; 21)17 (15; 18)22 (7; 22)21 (17; 24)95% confidence intervals (CI) are given

The effect of elevated temperature on the expression of resistance phenotypes {#Sec15}
-----------------------------------------------------------------------------

Rearing larvae at 30 °C or exposing them to 37 °C for 3 h elicited different responses in the malathion and deltamethrin resistance phenotypes of SENN DDT. Although neither the elevated larval-rearing temperature nor the short-term heat shock affected the malathion resistance phenotype (females: one-way ANOVA: p = 0.36, F = 2.34; males: one-way ANOVA: p = 0.26, F = 3.72), both treatments resulted in a marked decrease in deltamethrin-induced mortality (Fig. [3](#Fig3){ref-type="fig"}). This was true for both females (one-way ANOVA: p \< 0.01; F = 70.5; df = 2) as well as males (one-way ANOVA p \< 0.01; F = 35.3; df = 2).Fig. 3The effect of heat shock on the malathion- and deltamethrin-resistant phenotypes of insecticide-resistant *Anopheles arabiensis.* Adult SENN DDT individuals that emerged from larvae reared at a constant temperature of 30 °C showed a significant decrease in deltamethrin induced mortality compared to controls that had been reared at 25 °C and received no heat shock during their lifetime. Similarly, adults that were reared at 25 °C but received a heat shock prior to exposure (3-h heat shock at 37 °C with a 1-h recovery period) showed a similar decrease in deltamethrin-induced mortality. These findings were observed in both males and females. This effect was not observed for the malathion resistance phenotype. All exposures were performed under standard WHO bioassay conditions \[[@CR26]\]

It was also demonstrated that the effect of short-term heat shock was transient. When exposed to a short-term heat shock of 37 °C or a sub-lethal heat shock at 39 °C, deltamethrin-induced mortality decreased significantly, but mortality increased in the hours after recovery until reaching pre-heat shock levels 7 h after heat shock (one-way ANOVA: 37 °C---p \< 0.01; F = 16, df = 6; 39 °C---p \< 0.01, F = 10.9, df = 6) (Fig. [4](#Fig4){ref-type="fig"}A). The progressive increase in mortality with time was highly linear for the 37 °C treatment (r^2^ = 0.94), but less so for 39 °C (r^2^ = 0.63).Fig. 4The progressive increase in mortality with time following the pyrethroid-resistance augmenting effects of heat shock in insecticide-resistant *Anopheles arabiensis.* Deltamethrin-induced mortality decreased after a short-term heat shock (37 °C for 3 h; 39 °C for 1 h, both with a 1-h recovery period) (**A**), as did λ-cyhalothrin induced mortality (**B**). Deltamethrin-induced mortality returned to pre-heat shock levels 7 h after the initial heat shock for the 39 °C heat shock but not the 37 °C heat shock treatment. The effects of the 37 °C heat shock decreased in a linear fashion (r^2^ = 0.95), while the linear decrease following exposure to the 39 °C heat shock was less pronounced (r^2^ = 0.63). There was no significant difference in the effect of 37 and 39 °C heat shock on λ-cyhalothrin resistance, and both showed a linear decrease in the expression of heat shock-induced resistance

Deltamethrin resistance is not the only pyrethroid resistance phenotype that can be augmented by short-term heat shock. λ-cyhalothrin induced mortality was also significantly reduced by pre-exposure to 37 °C (one-way ANOVA: p \< 0.01; F = 36.4, df = 3) and 39 °C (one-way ANOVA: p \< 0.01; F = 29.2; df = 3). Both temperature treatments elicited the same level of resistance augmentation following insecticide induced mortality at 1, 2 and 3 h post exposure after the 37 and 39 °C treatments (one-way ANOVA: p = 0.12; F = 2.17, df = 5) (Fig. [4](#Fig4){ref-type="fig"}B).

Heat shock-induced reductions in pyrethroid susceptibility were also seen in the SENN strain. In Fig. [5](#Fig5){ref-type="fig"} it is demonstrated that a 37 or a 39 °C shock caused a reduction in deltamethrin-induced mortality (one-way ANOVA: p = 0.01; F = 11.2; df = 2), λ-cyhalothrin-induced mortality (one-way ANOVA: p \< 0.01; F = 15.8; df = 2) and permethrin-induced mortality (one-way ANOVA: p = 0.01; F = 20.9; df = 2). Both temperature treatments were equally efficient at reducing permethrin (two-sample t test: p = 0.55; t = −0.63) and λ-cyhalothrin (two-sample t test: p = 0.64; t = 0.47) susceptibilities, as there was no significant difference in mortality induced at either temperature for permethrin (two-sample t test: p = 0.55; t = −0.63) or λ-cyhalothrin (two-sample t test: p = 0.64; t = 0.47). The 37 °C heat shock, however, was more efficient at reducing deltamethrin susceptibility than the 39 °C heat shock (two-sample t test: p = 0.02; t = −2.40).Fig. 5The effects of heat shock on the pyrethroid susceptibility of an insecticide susceptible *Anopheles arabiensis* strain. SENN is fully susceptible to λ-cyhalothrin and deltamethrin, but short-term heat shock resulted in a significant decrease in the mortality induced by these pyrethroids. Where low-level permethrin resistance exists, the effect is more marked. There was no significant difference in the reduction in permethrin- or λ-cyhalothrin-induced mortality after a 3-h heat shock at 37 °C or by a 39 °C shock for 1 h, both with a 1-h recovery period

The biological basis of heat shock-induced augmentation of pyrethroid resistance {#Sec16}
--------------------------------------------------------------------------------

Pyrethroid resistance is augmented by heat shock regardless of whether resistance mechanisms are absent (SENN) or present (SENN DDT). As SENN and SENN DDT are fixed as *kdr* SS and L1014F RR homozygotes, respectively, the effects of the mutation were not examined in this study. Two candidate explanations were sought. The first was that temperature elevation affected the detoxification enzyme systems of the mosquitoes involved. As the effects were more marked in SENN DDT, this strain was used to examine the underlying biological basis for these effects. An artificial in vitro study showed no significant differences in haem peroxidase (a proxy for cytochrome P450 activity) or general esterase activity (two-sample t test: cytochrome P450 p = 0.17; t = 1.37; α-esterase. p = 0.45, t = −0.76; β-esterase. p = 0.99, t = 0.02) when reactions were incubated at different temperatures. These results are summarized in Table [2](#Tab2){ref-type="table"}. Furthermore, there was no significant difference in enzyme activity in non-heat-shocked adults compared to those recovering from heat shock in terms of P450 activity (one-way ANOVA: p = 0.2, F = 1.44, df = 7) or β-esterase activity (one-way ANOVA: p = 0.84; F = 0.49, df = 7). In contrast, although there was no difference in α-esterase activity of the recovering and heat-shocked specimens (one-way ANOVA: p = 0.23; F = 1.39), the activity of the non-heat-shocked control was significantly higher (one-way ANOVA: p \< 0.01, F = 9.59, Tukey HSD critical Q = 4.3). These results are summarized in Table [3](#Tab3){ref-type="table"}.Table 2Enzyme activities of the *Anopheles arabiensis* SENN DDT strain at periods following exposure to elevated temperaturesTreatmentEnzymeControl2-h recovery3-h recovery4-h recovery5-h recovery6-h recovery7-h recovery8-h recoveryP450 (cytochrome P450 equivalents/mg/ml)0.0009 (±0.001)0.0013 (±0.001)0.0014 (±0.001)0.0014 (±0.001)0.0015 (±0.001)0.0015 (±0.001)0.0012 (±0.001)0.0014 (±0.001)α-Esterase (α-Napathol equivalents/mg/ml)0.0805 (±0.044)0.0405 (±4.2 × 10^−3^)0.0381 (±6.3 × 10^−3^)0.0398 (±4.1 × 10^−3^)0.0357 (±8.3 × 10^−3^)0.0388 (±6.4 × 10^−3^)0.0400 (±3.9 × 10^−3^)0.0424 (±3.6 × 10^−3^)β-Esterase (β-Napathol equivalents/mg/ml)0.1279 (±0.086)0.1198 (±0.022)0.1139 (±0.028)0.1173 (±0.011)0.1051 (±0.0215)0.1142 (±0.018)0.1188 (±0.015)0.1244 (±0.013)Females of the resistant SENN DDT strain was allowed to recover for 2--8 h after a 1-h exposure to 39 °C. For each hour, individuals were collected and cold terminated, and the enzyme activity at that particular time point was assessed Table 3Enzyme activities of the *Anopheles arabiensis* SENN DDT strain at ambient (25 °C) and elevated (37 °C) temperaturesTreatmentTwo-sample t testEnzymeEnzyme activity at 25 °C (±SD)Enzyme activity at 37 °C (±SD)P450 (cytochrome P450 equivalents/mg/ml)0.0016 (±0.001)0.0012 (±0.001)P = 0.19\
T = 1.30; df = 94α-Esterase (α-Napthol equivalents/mg/ml)0.0805 (±0.006)0.0895 (±0.010)P = 0.45\
T = −0.76; df = 94β-Esterase (β-Napthol equivalents/mg/ml)0.1279 (±0.012)0.1283 (±0.023)P = 0.98\
T = −0.02; df = 94

The second candidate explanation was that the induction of HSPs played a role in heat shock-induced pyrethroid resistance augmentation. This study demonstrated that the flavinoid quercetin could be delivered to mosquitoes via sugar supplementation without inducing increased mortality. Quercetin supplementation, and therefore inducible HSP inhibition, can return deltamethrin-induced mortality to pre-heat shock levels in the case of males and results in increased deltamethrin-induced mortality in females (Fig. [6](#Fig6){ref-type="fig"}). Quercetin-treated, heat-shocked adults did not differ in deltamethrin-induced mortality compared to untreated controls (two-sample t test: p = 0.49; t = −0.73), although heat-shocked adults that did not receive quercetin supplementation were significantly less likely to be killed by deltamethrin (two-sample t test: p \< 0.01; t = 6.02). For malathion resistance, as previously demonstrated, heat shock did not result in a significant change in the resistance phenotype. After quercetin treatment, however, adults showed significantly higher levels of malathion-induced mortality than untreated controls (two-sample t test: p \< 0.01, t = −4.6).Fig. 6The role of heat shock proteins in the heat shock-induced effects on insecticide resistance phenotype of an insecticide-resistant *Anopheles arabiensis* strain. Treatment with the heat shock protein suppressing flavinoid quercetin returned deltamethrin-induced mortality levels to that of non-heat-shocked adults. Quercetin treatment of heat-shocked adults resulted in a significant increase in malathion-induced mortality

Discussion {#Sec17}
==========

As with previous studies \[[@CR23]\], no significant difference in larval development was observed between the two *A. arabiensis* strains differing in their insecticide resistance profiles. Increased temperature significantly decreased larval developmental time in both strains. The effects of fluctuating temperatures were not considered, although it should be noted that *A. arabiensis* copes particularly well with fluctuating temperatures \[[@CR20]\]. The effect of fluctuating temperature on the differential development of resistant and susceptible *A. arabiensis* still needs to be quantified.

The effect of temperature on adult longevity was similar to previous studies \[[@CR13]\]. Adults of the insecticide-resistant SENN DDT strain lived longer at elevated temperatures, regardless of the initial rearing temperature, than adults of the unselected, susceptible SENN strain. Furthermore, SENN adults showed a significantly reduced longevity at elevated temperatures, while the resistant SENN DDT adults did not show a change in longevity at elevated temperatures. These observations were consistent for both males and females. Together, these results suggest that elevated temperatures are advantageous for insecticide-resistant, rather than susceptible, *A. arabiensis* individuals because increased or uncompromised longevity at elevated temperatures is likely to yield greater fitness via increased fecundity.

Larval thermal cross-tolerance to insecticide intoxication has been demonstrated several times. In contrast to previous research, which focussed on short-term exposures to sub-lethal temperatures, this study demonstrated that a constant incubation of 30 °C could induce thermal cross-tolerance in adults \[[@CR12]\]. It is also important to note that a previous study demonstrating adaptive thermotolerance raised the larvae of the experimental group at 30 °C before exposing them to a short-term heat shock \[[@CR13]\], while the current study demonstrated that increasing the rearing temperature from 25 to 30 °C alone could induce similar changes in adult insecticide resistance expression.

Most examples of thermal cross-tolerance look only at the larval stage. In the current study, it was demonstrated that short-term heat exposure of adult mosquitoes is capable of inducing a similar augmentation of a resistance phenotype. Short-term exposure, however, had only a transient effect on the resistance phenotype, degrading within 8 h, unlike the sustained augmentation observed after increasing larval-rearing temperature. There are various examples of short-term exposure to elevated temperatures occurring in nature. The most important of these is the heat shock that occurs when a female takes a blood meal. However, further short-term environmental exposure to elevated temperatures (in particular, above the temperature that insectary-reared individuals would experience) could occur during the day. As reviewed by Glunt et al. \[[@CR9]\], mean indoor temperatures in sub-Saharan Africa often exceed 27 °C during the day, possibly inducing heat shock effects in indoor-resting females. Therefore, although the short-term heat shock may degrade over the course of an evening, it is possible that this short heat exposure may affect the insecticide tolerance of indoor-resting females. It is noteworthy that, unlike previous studies \[[@CR15]\], pyrethroid cross-resistance was evident while malathion cross-resistance was not induced.

Previous studies that have demonstrated thermal cross-tolerance have not mentioned the resistance status of the starting material \[[@CR12], [@CR31]\] or used only resistant individuals \[[@CR15]\]. This present study demonstrated significant decreases in deltamethrin- and λ-cyhalothrin-induced mortality in individuals that were previously fully susceptible, and an even more marked decrease in mortality when low-level permethrin resistance was initially present. This highlights the importance of thermal exposure on subsequent susceptibility to insecticide intoxication.

Attempts have been made to explain the biochemical basis of these reactions. A previous study in *C. quinquefasciatus* demonstrated an increase in α-esterase activity after thermal exposure, but a decrease in β-esterase activity \[[@CR15]\]. By contrast, in this study there is a significant decrease in α-esterase activity after thermal exposure, but no significant changes in β-esterase activity. As no definitive explanation could be derived from examination of detoxification enzyme activity, it was decided to examine another possible mechanism for heat-induced augmentation of pyrethroid resistance.

As propoxur application was able to induce HSP expression \[[@CR12]\], the role of HSPs in the resistance phenotype was examined using quercetin synergism. Quercetin synergism negated the effects of heat shock-induced augmentation of the deltamethrin resistance phenotype. Furthermore, although heat shock did not significantly affect the malathion resistance phenotype and quercetin consumption alone did not significantly increase mortality, malathion-induced resistance was significantly increased after HSP synergism. This suggests a direct role for HSPs in the insecticide resistance phenotype.

There are several implications of the findings of this study. Previous work has raised concerns about the effect of climate change on vector control efforts \[[@CR9]\]. A study in *Nilaparvata lugens* suggested that elevated temperatures associated with climate change could favour the survival of insecticide-resistant individuals \[[@CR32]\]. This study highlights similar concerns. Previous studies have suggested that increasing environmental temperatures decrease the lifespan of the major malaria vector *A. gambiae* \[[@CR17]\]. This is true for susceptible but not resistant *A. arabiensis* individuals. As heat shock augments pyrethroid resistance, this has implications for the dynamics of resistance management because of the increase in the expression of resistance intensity associated with exposure to increased heat. It can therefore be suggested, as in Ge et al. \[[@CR32]\], that increasing environmental temperatures can favour insecticide-resistant populations, especially in insecticide-based control settings, possibly leading to significant epidemiological effects in terms of disease transmission.

Finally, data from this study implicate inducible HSPs as playing a vital role in the insecticide resistance phenotype. Previous studies have attempted to explain the resistance augmenting effect of blood feeding \[[@CR24], [@CR33], [@CR34]\]. As it has been demonstrated that blood feeding increases HSP expression in both anophelines \[[@CR35]\] and culicines \[[@CR36]\], this may suggest a role for HSPs in blood meal-induced reduction of insecticide toxicity.

Conclusion {#Sec18}
==========

It is concluded that exposure to thermal stress conditions increases the lifespan of insecticide-resistant *A. arabiensis*, but not their susceptible counterparts. Heat shock augments pyrethroid resistance where insecticide resistance mechanisms already exist, as well as resulting in a de novo resistance phenotype. Inducible HSPs likely play a role in this effect.
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